We present a cryogenically compatible method for permanently connecting and coupling a single mode fiber to a single mode of a micropillar cavity with embedded quantum dots ͑QDs͒. Efficient coupling of up to 40% was measured which requires a 300 nm positioning accuracy that remains preserved during the fiber attachment procedure and during cool-down to 4 K. Fiber coupling, as opposed to conventional free space coupling, makes it possible to connect many such QD-cavity systems within the same cryostat which can interact through an external optical network, facilitating the implementation of hybrid photon/confined-electron schemes for quantum communication and information processing. © 2010 American Institute of Physics. ͓doi:10.1063/1.3493187͔
Many experimental approaches toward quantum computing are currently under investigation. [1] [2] [3] [4] One promising architecture that could enable robust and scalable quantum computation is based on individual electron spins confined within optically active semiconductor quantum dots ͑QDs͒, embedded within optical micropillar cavities, that are matched to external optical modes. 5, 6 Fast subnanosecond optical interactions can be used to manipulate the electron spins such that modest electron spin coherence times on the order of 1 s are sufficient for performing a series of quantum state control and readout operations. 7, 8 Several theoretical schemes have been proposed for hybrid ͑photon/electronspin͒ quantum computation and quantum communication using such a system [9] [10] [11] [12] in which all electron spin interactions are mediated through photons and photon-projection measurements. Recently we demonstrated highly efficient free-space mode matching to oxide apertured micropillar devices with integrated charge-tunable InGaAs QDs. 13 A crucial step in making this approach scalable is to replace the external mode matching with integrated fiber coupling. If this is achieved a large number of frequency preselected QDmicropillar structures can be cooled down in a single cryostat and be interconnected and controlled through optical fiber networks. Here we present a method to fiber-couple high-Q micropillar cavities. In contrast to other studies based on mechanical alignment, 14, 15 we demonstrate permanent, precise fiber coupling of a single cavity mode to a single mode fiber by an active alignment procedure.
We use a cavity design that is optimized to produce robust yet small mode-volume micropillar cavities. Etching small trenches in a double GaAs/AlGaAs Bragg reflector structure with a / 2 cavity spacer layer and subsequently partially oxidizing an integrated layer with a high Al content results in sturdy 30 m size structures ͓Fig. 1͑b͔͒, while defining an optical mode diameter of as small as 0.5 m.
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The first step in the fiber-coupling process is precharacterization of the cavity of interest. We perform room temperature photoluminescence measurements on our sample to determine the resonance frequency of the fundamental micropillar mode.
The second step in the process is prealignment of the optical fiber to the micropillar sample ͓Figs. 1͑a͒ and 1͑b͔͒. FIG. 1. ͑Color online͒ Schematic of the setup: ͑a͒ the sample and the fiber tip can be imaged via backside illumination with a 1064 nm laser through the fiber and a microscope objective ͑top three images͒. ͑b͒ The oxide apertured micropillar sample ͑scanning electron microscope image͒ is mounted on a glass slide which is attached to an XYZ-m stage for positioning. ͑c͒ The sample is probed with a laser either on resonance or pumped above the band gap, coupled through fiber beam splitters ͑FBS͒, and the signal is detected using single photon counters ͑APD 1 and 2͒ or a CCD camera connected to a spectrometer ͑SP͒.
The chip containing the cavity of interest is mounted on a glass slide attached to a three-axis translation stage with micrometer accuracy. The single-mode fiber ͑Nufern 780HP͒ is mounted in a FC/PC bare fiber connector and adjusted so that a small amount sticks out of the ferrule. The fiber is mounted on a motorized three-axis translation stage with a minimal incremental motion of ϳ50 nm. The sample is illuminated by a 1064 nm laser that is coupled into the fiber itself and imaged ͑through the backside of the sample͒ in transmission by a microscope objective onto a chargecoupled device ͑CCD͒. The geometry of the micropillar structures becomes visible due to light scattering at the edges of the trenches. As the single-mode fiber is moved closer to the sample, the area illuminated through the fiber becomes smaller ͓Fig. 1͑a͔͒, allowing us to position the tip of the fiber along the z direction close to the sample with an accuracy equal to the depth of focus ͑5-10 m͒. The cavity mode size at the surface of the sample is expected to be in the range of 2 -5 m in diameter depending on the size of the oxidation aperture.
After prealignment, the next step is characterizing the spatial mode of the micropillar cavity. The fundamental cavity mode is probed on-resonance through the fiber with a tunable diode laser at a power of about 0.2 mW, which is frequency-scanned over a range of about 0.2 nm at 100 Hz. The signal reflected from the micropillar is collected through the same fiber. The reflected signal is detected and normalized to the laser intensity ͓Fig. 1͑c͔͒. Because the micropillar is a Fabry-Perot resonator, the cavity mode can be identified in a two-dimensional spatial scan of the fiber as an intensity minimum in reflection. The typical result of a spatial scan is shown in Fig. 2 . Several spatial scans are performed iteratively at higher resolutions, until the spatial mode of the cavity can be identified with a maximum resolution of 300 nm. The fiber we use has a numerical aperture ͑N.A.͒ of 0.13 and a mode field diameter of 5.0Ϯ 0.5 m at 850 nm. The detected mode is a convolution of the cavity mode and the mode of the fiber. By fitting the detected signal to a Gaussian, as shown in a radial plot in Fig. 2͑d͒ , we can extract the average cavity mode diameter at the surface of the sample; for the cavity shown in Fig. 2 the mode diameter is found to be 4.0Ϯ 1.5 m, which is typical for our devices. Given the mismatch of the fiber and cavity modes, the power transmission coefficient or coupling efficiency is calculated to be in the range of 60%-100%. This does not include losses, e.g., due to specular reflections and scattering.
The final step in the connectorization process is permanently gluing the fiber to the surface of the sample. After the scanning steps, the fiber is retracted from the sample, and a small drop of optical epoxy is placed on the sample surface. We use a UV cure epoxy ͑Norland Optical Adhesive 81͒ with a low shrinkage volume, a viscosity of 300 cP and a refractive index of about 1.56, which enables durable and efficient bonds. It is crucial that the sample is mounted upside down in order to enable the glue to form a small, radiallysymmetric droplet. The fiber is then aligned by repeating the prealignment and spatial characterization steps. After alignment, the optical epoxy is cured by a UV lamp for about 2 h. It is important to ensure homogeneous curing from all sides. We monitor the coupling efficiency during the curing process by pumping the sample above the band gap of GaAs and observing the photoluminescence signal on a spectrometer ͑Fig. 3͒. This allows us to correct in real time for the slight position errors that occur as a result of inhomogeneities in the curing process. After the sample is cured, additional glue is added in order to encapsulate and stabilize the structure for easier removal of the glass slide.
In order to test the robustness of the fiber connectorization procedure, we cooled the sample to cryogenic temperatures using a helium bath cryostat. The sample was mounted at the end of a long vacuum dewar insert rod with integrated optical fiber and electrical connections. The rod was placed in a tube pumped to vacuum and then vented with helium exchange gas to a final pressure of about 10 −2 mbar. We were able to cool the sample to below 10 K in about 20 min by placing the tube in a liquid helium dewar. The fiber cou- pling remained robust for at least two complete cooling and heating cycles. We monitored the shift of the fundamental mode during the cool-down procedure by coupling a broadband LED source centered at 940 nm into the fiber and observing the reflected signal from the sample. We observed a sharp dip in the spectrum at the fundamental cavity mode frequency and were also able to observe dips due to some of the higher order modes. This is shown in Fig. 4 for both cool-down and warm-up, where the upper plots show how the spectrum ͑in false color͒ changes over time, while the lower plots show the coupling efficiency. The depth of the fundamental mode dip ͑normalized to the bare LED spectrum͒ gives a measure of the coupling efficiency. Using the method presented in this paper, we have connectorized eight samples, resulting in coupling efficiencies ranging from 15%-40%. The variation in the efficiencies and the deviation from the calculated optimal efficiency for the studied samples and fibers indicate that small changes in the samples, in the fibers, and in the gluing procedure can have significant consequences. Such changes can include variations in the cavity mode waist size and shape, 17 small angle variations and polishing quality of the fiber tips, and the size ͑symmetry͒ of the drop of glue and the UV-curing procedure. We are confident that our ϳ100 nm resolution sample fabrication and packaging procedure can be systematically optimized and automated to produce reliable and close to optimal coupling. Our next challenges, in the context of quantum information processing, are the integration of electrical contacts to the fiber-coupled micropillars and to achieve twosided fiber coupling to a micropillar cavity so that both the reflection and transmission signals can be collected.
In conclusion, we presented a method of permanently packaging a single mode optical fiber aligned to a single oxide apertured micropillar cavity mode. Our packaging procedure is robust and can be cooled to cryogenic temperatures without a reduction in the coupling efficiency. In principle, we should be able to measure multiple such systems with integrated electrical connections in a single cryostat which can be interconnected and controlled through optical fiber networks, facilitating the implementation of scalable hybrid quantum information schemes.
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